Abstract-This paper introduces a method for power system modeling during the earth fault. The possibility of using this method for selection and adjustment of earth fault protection is pointed out. The paper also contains the comparison of results achieved by simulation with the experimental measurements.
I. INTRODUCTION

E
LECTROMAGNETIC transient phenomena that occur in electric power networks during an earth fault have theoretically already been analyzed in detail.
Nevertheless, the problem of dangerous touch voltage during the transient process still remains an open question, as well as the impact of the method of earthing and the earthing resistance in medium voltage network on this voltage. The current engineering practice is to select and size the earth electrode on the basis of an analysis of steady-state fault currents. These magnitudes are obtained on the basis of analytical or numerical solutions, based upon the steady-state analysis.
The steady-state analysis of the earth fault cannot provide a realistic insight into the entire electromagnetic transient phenomenon. This is why have the authors of the present paper, on the basis of an analysis of the actual network, generated simulation systems, and performed simulations for the 6-kV part of the network.
II. DESCRIPTION OF EXPERIMENTAL SYSTEM
Experimental measurements have been performed in a 6-kV network of the surface mine "Gračanica" in Gacko. Fig. 1 shows a simplified system diagram of the GTS-35/6 kV-5 4-MVA network of the mine, presenting the section of 6-kV network in which the measurements have been performed. A direct, "purely metal" earth fault is presented in the Section VI of this paper. During the measurements, a galvanic separation of other four MVA transformers has been secured. Thus, according to Fig. 1 network, and the transformer bay A1 supplying the measurement equipment have been in operation. This has been necessary to secure an independent supply of measurement equipment and consequently an impact of deliberately created earth fault on the accuracy of measurement. Fig. 2 shows a single-line system diagram of 6-kV switchgear system that is supplied through the transformer bay B1. The switchgear consists of one incoming feeder, one measurement unit, one low-voltage functional unit, and five outgoing feeders. The measurements have been performed using 12-channel oscilloscope M07-L "Siemens". Three channels (III, IV, V) have been used for the connection to the secondary winding of voltage transformer UR-4/15 in the measurement unit B1-3.
Thus phase-to-neutral voltages , and , have been measured, while the zero-sequence component has been measured using a separate channel (VI), as seen in Fig. 2 .
The current in the phase with earth fault (phase A) has been measured with the connection of the secondary winding of the TSB-3/III-200/5/5A cl. 0.5 current transformer to the channel I of the oscilloscope.
Channel II has been used for registering the zero-sequence component of current of the cable transformer TK 880, which is located in the 6-kV outgoing feeder B1-7. 
III. EXPERIMENTAL RESULTS
The results, obtained with measurements of fault currents and voltages in the above described system are shown in Fig. 3 .
The symbols , , and are used for denotations of phases.
IV. RESULTS OF EARTH FAULT SIMULATIONS
All lines (aerial and cables) are in the model simulated as four poles. Equivalent values of resistance, inductance and capacitance have been determined on the basis of data, provided by the manufacturers of cables and overhead lines, while the values of leakage capacitance of 6-kV switchgear devices have, on the other hand, been calculated on the basis of the unit value capacitances for this kind of equipment, taken from the literature.
Oscillograms of characteristic physical quantities for this process are shown in Fig. 4 .
The process simulation has been developed in the Matlab environment, using the Matlab program tools, including Simulink and Power System Blockset. As it is well known, the MathWorks Company has purchased the rights of using the EMTDC program package for electromagnetic transient analysis. This package has been implemented in Matlab as Power System Blockset tool. Since this tool is completely identical with EMTDC, only the results of simulations with Matlab are presented in this paper.
V. COMPARISON ANALYSIS OF EXPERIMENTAL AND SIMULATIONAL RESULTS
The comparison of voltage oscillograms shows that before the fault occurrence the voltages , , and are perfectly symmetrical. After the occurrence of earth fault in the phase the voltage of this phase falls to zero after a few periods of the voltage sinusoid. During the same period of time the voltages of "healthy" phases and increase and reach the value of phase-to-phase voltage, while the neutral point reaches the potential of phase-to-neutral voltage . Identical changes of phase voltages , , and , as well as changes of zero-sequence voltage can be seen in oscillograms in Fig. 4 , which are obtained by the simulation of the described 6-kV network.
The current in the phase with ground fault has a very high amplitude that reaches, during the first few periods after the fault occurrence, up to ten times higher values than the steady-state value . Comparison of the oscillograms of , obtained by the simulations, with those obtained by measurements and shown in Fig. 3 , shows that they are almost identical.
Oscilograms of currents , , and from Fig. 4 are completely in line with generally known theory about earth faults. The current has the opposite direction than the currents and , which is just another verification of adequacy of the above described model for simulation of transient phenomena during single line earth faults in electric power networks.
The model therefore completely supports the experiment, not only as regards the absolute values of currents and voltages, but also regarding their mutual phase shifts.
A confirmation of the above stated conclusions becomes obvious with comparison of oscillograms in Fig. 3 with those in Fig. 4 , i.e. by comparing the phase shift of with the phase shift of . This phase shift amounts exactly to one fourth of the power frequency period.
VI. ANALYSIS OF NEUTRAL POINT OPERATION REGIME ON THE MAGNITUDE OF TOUCH VOLTAGE DURING TRANSIENT PROCESS
A broad range of EMTDC's capabilities has been used for the analysis of the touch voltage magnitude as a function of the In principle, it is an analysis of a contact of human beings with metal parts that are in normal operation not energized, but can become energized in the case of a failure, such as an earth fault. Touch voltage (as well as step voltage) is determined by the magnitude of earth fault current and earthing resistance , i.e. . The model of the network from Fig. 1 has been used for the analysis. The model enables a simulation of conditions in the real network.
It has been analyzed how changing , which is connected between the neutral point and the earthing electrode, influences the changing of touch voltage. The resistance has been varied from to at the constant values of transient resistance and earthing resistance, and , respectively. Three characteristic oscillograms of changing of touch voltage as a function of time, as well as oscillograms of the rms voltage of these touch voltages, have been selected for the analysis. Fig. 5(a) shows changing of touch voltage for the 6-kV network, earthed through a relatively low resistance . Observing the mentioned graph it can be seen that the transient process has a relatively short duration of a few milliseconds, and that the touch voltage is very high with 
to
, where represents the total capacitive reactance of the network.
In selecting the measures for protection against dangerous touch voltage during earth faults, the time of activation of protective system should be set with respect to the magnitude of touch voltage, as required by the technical regulations.
The use of so developed models for studying transient and steady-state conditions in medium voltage networks offers a valuable support in selecting the most adequate set of protective measures and in determining necessary parameters of protective devices against electric shock caused by a contact of human beings with parts that are in normal operation not energized.
Such an analysis is of special importance for mining and industrial medium voltage networks, since earth faults in these networks represent the most common cause of equipment damaging, as well as human injuries or fatalities due to electric shock.
The analysis has been, as mentioned earlier, carried out on the network model from Fig. 2 . The model is universal and can be used for analysis of much larger medium voltage networks.
VII. CONCLUSION
Earth faults are, in principle, stochastic phenomena. This is why conditions and parameters of specific earth faults vary con-siderably from case to case. The research work presented in this paper clearly shows the applicability of the developed model in studying transient phenomena in electric power networks as a part of fault analysis, sizing the earthing system, and setting the protection against faults.
